We have previously demonstrated that the serine/threonine protein phosphatase-1 (PP-1) plays an important role in promoting cell survival. However, the molecular mechanisms by which PP-1 promotes survival remain largely unknown. In the present study, we provide evidence to show that PP-1 can directly dephosphorylate a master regulator of apoptosis, p53, to negatively modulate its transcriptional and apoptotic activities, and thus to promote cell survival. As a transcriptional factor, the function of p53 can be greatly regulated by phosphorylation and dephosphorylation. While the kinases responsible for phosphorylation of the 17 serine/threonine sites have been identified, the dephosphorylation of these sites remains largely unknown. In the present study, we demonstrate that PP-1 can dephosphorylate p53 at Ser-15 and Ser-37 through co-immunoprecipitation, in vitro and in vivo dephosphorylation assays, overexpression and silence of the gene encoding the catalytic subunit for PP-1. We further show that mutations mimicking constitutive dephosphorylation or phosphorylation of p53 at these sites attenuate or enhance its transcriptional activity, respectively. As a result of the changed p53 activity, expression of the downstream apoptosis-related genes such as bcl-2 and bax is accordingly altered and the apoptotic events are either largely abrogated or enhanced. Thus, our results demonstrate that PP-1 directly dephosphorylates p53, and dephosphorylation of p53 has as important impact on its functions as phosphorylation does. In addition, our results reveal that one of the molecular mechanisms by which PP-1 promotes cell survival is to dephosphorylate p53, and thus negatively regulate p53-dependent death pathway.
Introduction
The reversible phosphorylation and dephosphorylation at the serine and threonine residues on proteins play important roles in regulating gene expression (Hunter and Karin, 1992) , cell cycle progression (Pawson, 1995) , and apoptosis (Gjertsen and Doskeland, 1995; Franklin and McCubrey, 2000; Klumpp and Krieglstein, 2002) . In eukaryotes, dephosphorylation at the serine/ threonine sites is largely executed by four major protein phosphatases: phosphatase-1 (PP-1), phosphatase-2A (PP-2A), phosphatase-2B (PP-2B) and phosphatase-2C (PP-2C) (Cohen, 1989; Mumby and Walter, 1993) , although other protein phosphatases, including phosphatase-4 (PP-4), phosphatase-5 (PP-5), phosphatase-6 (PP-6) and phosphatase-7 (PP-7), also contribute to this process (Brewis et al., 1993; Bastians and Ponstingl, 1994; Chen et al., 1994; Chinkers, 1994; Huang and Honkananen, 1998) . The majority of intracellular protein phosphatase activity has been attributed to PP-1 and PP-2A (Cohen, 1989) . Both phosphatases are important in promoting survival because inhibition of the PP-1 and PP-2A activities by either okadaic acid or calyculin A leads to apoptosis of many different types of cells (Gjertsen and Doskeland, 1995) . However, the molecular mechanisms by which PP-1 and PP-2A promote survival remain largely unknown. Here, we present evidence to show that PP-1 can directly dephosphorylate p53 at two important phosphorylation sites to negatively regulate its transcriptional activity and apoptotic ability, and thus promote cell survival.
The tumor suppressor p53 is a master regulator of apoptosis in many types of cells (Shen and White, 2001; Bargonetti and Manfredi, 2002; Vousden and Lu, 2002; Manfredi, 2003; Oren, 2003) . Loss of functional p53 is sufficient to inactivate the apoptotic machinery in many types of tumor cells as well as nontumor cells (Shen and White, 2001) . As a master regulator of apoptosis in different cells, p53 regulates apoptosis by two mechanisms. First, it acts as a transcriptional factor to regulate expression of many genes involved in apoptosis (Miyashita et al., 1994; Buckbinder et al., 1995; Miyashita and Reed, 1995; Wen-Schaub et al., 1995; Israeli et al., 1997; Polyak et al., 1997; Wu et al., 1997; El-Deiry, 1998) . Second, it can activate Bax in mitochondria to antagonize the antiapoptotic ability of Bcl-2 and Bcl-XL (Mihara et al., 2003; Schuler and Green, 2005) . The transcriptional activity of p53 can be regulated through several post-translational mechanisms, including phosphorylation/dephosphorylation, acetylation/deacetylation, ubiquitylation, sumoylation and glycosylation (Giaccia and Kastan, 1998; Meek, 1998; Bode and Dong, 2004) . Among these posttranslational modifications, phosphorylation and dephosphorylation have an important impact on both stability and function of p53 (Giaccia and Kastan, 1998; Meek, 1998; Bode and Dong, 2004) .
So far, 17 phosphorylation sites have been mapped on p53 and these sites are phosphorylated by multiple kinases (Giaccia and Kastan, 1998; Meek, 1998; Bode and Dong, 2004 ). Phosphorylation of p53 at different sites has an important impact on its function. For example, phosphorylation at Ser-15 has been shown to disrupt the interaction of p53 with the Mdm2 protein, leading to stabilization and an increase in protein levels and transcriptional activity (Shieh et al., 1997; Tibbetts et al., 1999) . Phosphorylation of p53 at Ser-15 and Ser-37 also impairs the ability of MDM2 to inhibit p53-dependent transactivation (Shieh et al., 1997) .
In comparison to our understanding of the kinases phosphorylating p53, much less is known about the corresponding phosphatases that dephosphorylate p53. Since the hypophosphorylated p53 interacts with Mdm2, it is conceivable that dephosphorylation of p53 would facilitate its degradation and attenuate its transcriptional activity. Indeed, a recent study has shown that dephosphorylation of p53 at Ser-37 by protein serine/ threonine phosphatase-2A alters the function of p53 in both fibroblast and breast cancer cells (Dohoney et al., 2004) . Here, we present evidence to show that the protein serine/threonine phosphatase-1 can dephosphorylate p53 at Ser-15 and Ser-37 in human lens epithelial cells (HLECs). Dephosphorylation of p53 at these sites by PP-1 changes its transcriptional activity in both lens and non-lens cells. Moreover, the mutant p53 imitating constitutive dephosphorylation or phosphorylation at Ser-15, Ser-37 or both sites attenuates or enhances the transcriptional activity and apoptosis, respectively. Thus, our results demonstrate that dephosphorylation of p53 by PP-1 has a strong impact on its function, and, moreover, part of the molecular mechanisms by which PP-1 promotes survival is to negatively regulate p53 functions.
Results
Inhibition of PP-1, but not PP-2A, activity by okadaic acid or calyculin A induces apoptosis of HLECs Our previous studies have shown that inhibition of PP-1, but not PP-2A, by okadaic acid induces apoptosis of both rabbit and rat lens epithelial cells (Li et al., 1998 (Li et al., , 2001a . To test whether this is true in HLECs, we have treated these cells with okadaic acid. As shown in Figure  1A (a), 90 nM of PP2A-I1 inhibited about 15% of the total phosphatase activity of PP-1 and PP-2A. Since PP2A-I1 is a PP-2A-specific inhibitor with IC 50 ¼ 30 nM, 90 nM of PP2A-I1 should inhibit about 90% of PP-2A activity. When 20 nM okadaic acid was used in the reaction, it inhibited about 17% of the total phosphatase activity ( Figure 1A(a) ). A mixture of both 90 nM PP2A-I1 and 20 nM okadaic acid inhibited about 20% of the total phosphatase activity ( Figure 1A(c) ). These results suggest that 20 nM okadaic acid is able to inhibit PP-2A activity. To further demonstrate that 20 nM okadaic acid is able to inhibit PP-2A, HLECs, after grown to 100% confluence, were treated with 20 nM okadaic acid for 3 h in the 24-well cell culture plate. After treatment, the cells were washed with PBS and then immediately lysed in the plate for measuring the inhibition of PP-2A. As shown in Figure 1B , 20 nM okadaic acid is able to inhibit 16.8% of the total phosphatase activity of PP-1 and PP-2A, a level very similar to that from the in vitro assay. Thus, 20 nM okadaic acid can inhibit PP-2A both in vitro and in vivo. Next we examined the effect of inhibition of PP-2A on apoptosis, as shown in Figure 1E ; cell flow cytometry analysis revealed that inhibition of PP-2A with 20 nM okadaic acid has little effect on apoptosis. Therefore, inhibition of PP-2A does not induce apoptosis of the HLECs, which is similar to those found in rabbit and rat lens epithelial cells (Li et al., 1998 (Li et al., , 2001a .
When the concentration of okadaic acid was increased to 100 nM, however, it blocked about 88% of the total phosphatase activity, which was stronger than the inhibition by 6 nM PP1-I2, specific inhibitor of PP-1, with IC 50 ¼ 2 nM ( Figure 1A(b) ). A mixture of both 100 nM okadaic acid and 6 nM PP1-I2 inhibited about 94% of total phosphatase activity ( Figure 1A(c) ). Treatment of the culture cells with 100 nM okadaic acid for 3 h also inhibited about 80% of the total phosphatase activity ( Figure 1B ). These results indicated that 100 nM okadaic acid can block PP-1. To further confirm that 100 nM okadaic acid inhibits PP-1 activity in cultured cells, we examined the phosphorylation status of RB after treatment by 0.01% DMSO, 20 nM okadaic acid for 24 h, or 100 nM okadaic acid for 0-24 h. Previous study has revealed that RB is dephosphorylated by PP-1 (Ludlow et al., 1993) . As shown in Figure 1C , treatment of HLECs with 100 nM okadaic acid caused RB hyperphosphorylation within 1.5 h. Thus, 100 nM okadaic acid is able to block PP-1 activity in cultured cells. When PP-1 is inhibited, okadaic acid induced substantial apoptosis ( Figure 1F ). Thus, as in rabbit and rat lens epithelial cells, inhibition of PP-1, but not PP-2A, induces apoptosis of HLECs. To further confirm that the inhibition of PP-1 leads to apoptosis, we used calyculin A, a more effective inhibitor of PP-1, than okadaic acid (Ishihara et al., 1989) . Treatment of HLECs with 1-6 nM calyculin A induced concentrationdependent apoptosis, as shown in Figure 1G . When 6 nM calyculin A was used to treat HLECs for 0-24 h, it was found that all the treated cells underwent apoptosis within 36 h ( Figure 1H and data not shown). The apoptotic nature under calyculin A treatment was further verified by DNA fragmentation ( Figure 1I ).
Apparently, inhibition of PP-1 by okadaic acid or calyculin A all leads to apoptosis of HLECs.
Inhibition of PP-1 enhances p53 phosphorylation at Ser-15 and Ser-37 and also alters expression of Bcl-2 and Bax Our previous work have demonstrated that when PP-1 was inhibited by okadaic acid, the tumor suppressor, p53 and its downstream proapoptotic regulator, Bax, were upregulated several folds (Li et al., 1998) . To determine whether HLECs also displayed such response, we treated these cells with different concentrations of okadaic acid and calyculin A. Western blot analysis of both control and treated samples revealed that the basic level of p53 expression in HLECs was high and, in response to different concentrations of okadaic acid or calyculin A, the total p53 level was only slightly upregulated (panel 1 of Figure 2a and b) . In contrast, the phosphorylation status of p53 at Ser-15 and Ser-37 was dramatically enhanced as the concentrations of okadaic acid and calyculin A were increased to block PP-1 activity (panels 2 and 3 of Figure 2a and b). It is well established that hyperphosphorylation of p53 at Ser-15 and Ser-37 enhances its transcriptional activity (Shieh et al., 1997; Tibbetts et al., 1999; Bakkenist and Kastan, 2003) . To test this possibility, we have analysed the expression levels of two Bcl-2 family members, Bcl-2 and Bax, downstream targets of p53. As shown in panel 4 of Figure 2a and b, Bax was substantially upregulated. A quantitative analysis revealed that Bax was upregulated about three-to five-fold when the concentrations of okadaic acid and calyculin A were increased high enough to block PP-1 (Figure 2e and f) . Under the same condition, Bcl-2, an antiapoptotic gene negatively regulated by p53, was found downregulated about two-to four-fold (Figure 2e and f) . RT-PCR analysis of the mRNA levels for p53, Bax and Bcl-2 confirmed their expression patterns at protein levels and also the regulation of Bax and Bcl-2 by p53 at the mRNA levels ( Figure 2c and d) . Thus, inhibition of PP-1 in HLECs enhances phosphorylation of p53 at Ser-15 and Ser-37, which modulates expression of the downstream genes.
Silence of p53 expression by RNAi substantially attenuates apoptosis induced by okadaic acid and calyculin A To confirm the role of p53 in mediating apoptosis induced through inhibition of PP-1 by okadaic acid and calyculin A, we have conducted RNAi to silence expression of the endogenous p53. First, a wild type of siRNA oligo and also a corresponding mutant (control) oligo were synthesized (Figure 3a ). These oligos have been previously used by other researchers to silence p53 expression in other human cells (Scacheri et al., 2004) . When the two oligos were separately introduced into HLECs for 72 h, silence of p53 expression by the wildtype siRNA oligo reached a level of 88% in comparison with the mutated oligo and a similar level when compared with the nontransfected HLECs (Figure 3b ).
When expression of p53 was largely silenced, apoptosis induced by okadaic acid (Figure 3c ) and calyculin A (Figure 3d ) was substantially inhibited.
PP-1cas indirectly interacts with p53 in HLECs
The result that inhibition of PP-1 activity by okadaic acid or calyculin A induced dramatic hyperphosphorylation of p53 at Ser-15 and Ser-37 suggests that PP-1 may directly dephosphorylate p53. To explore this possibility, we have performed reciprocal immunoprecipitation-linked Western blot analysis with antibodies against p53 and the catalytic subunit of PP-1 (PP-1cas) in the absence or presence of 100 nM okadaic acid, which help to determine whether p53 and PP-1 interaction only occur under stress conditions. As shown in Figure 4a , the immunoprecipitated proteins by anti-p53 antibody contained both PP-1cas and p53. Analysis of the supernatant after immunoprecipitation by p53 revealed that about 80% of total p53 and 38% of total PP-1cas were brought down by anti-p53 antibody (Figure 4a) . Similarly, the immunoprecipitated proteins by anti-PP1cas antibody also contained these proteins (Figure 4b ). Under this condition, about 40% of total p53 and 78% PP-1cas were brought down by anti-PP-1cas antibody (data not shown). Immunoprecipitation with normal rabbit serum precipitated neither p53 nor PP-1cas (Figure 4c ). To further explore the interaction between p53 and PP-1cas, an in vitro binding assay was conducted and the results revealed that PP-1cas does not seem to bind to p53 directly (data not shown). Thus, PP-1cas likely interacts with p53 indirectly in vivo, a condition necessary for PP-1 to dephosphorylate p53.
PP-1 dephosphorylates p53 in vitro Since PP-1cas and p53 form complex in vivo, we next explored whether PP-1 can directly dephosphorylate p53 at Ser-15 and Ser-37. First, we conducted in vitro dephosphorylation assay. To do so, we prepared four Demonstration that 20 and 100 nM okadaic acid can inhibit PP-2A and PP-1, respectively, in the intact HLECs. HLECs cells were grown to 100% confluence, then treated with 0,20 or 100 nM okadaic acid for 3 h. At the end of each treatment, the cells in each condition were washed with PBS, then immediately lysed in extraction buffer in culture plates and their phosphatase activity under each condition is immediately detected as described previously (Li et al., 1998) and expressed against control level (assuming control sample has an activity of 100%). (C) Demonstration that PP-1 can be inhibited by 100 nM okadaic acid in the intact HLECs through detection of RB phosphorylation status. HLECs were treated with 0.01% DMSO for 24 h (C 24 h), 20 nM okadaic acid for 24 h, or 100 nM okadaic acid for 1-24 h. Then, 30 mg of the total proteins extracted from differentially treated samples was separated by 6% polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes and probed with anti-RB as described before (Li et al., 1998) . Represented here in (C) are typical results of three independent experiments. RB-p: hyperphosphorylated form of RB. RB: hypophosphorylated form of RB. (D)-(F) Cell flow cytometry analysis. HLECs were grown to 100% confluence and then treated with 0.01% DMSO (D), 20 nM okadaic acid (E), or 100 nM okadaic acid (F) for 12 h, followed by cell flow cytometry analysis as described (Li et al., 2005) . Note that distinct differences exist between 20 and 100 nM okadaic acid-treated samples in early apoptosis (lower right quarter, detected by annexin) and later apoptosis (upper right quarter, detected by annexin and propidium iodide). (G) Concentration-dependent apoptosis induced by calyculin A. HLECs were grown to 100% confluence and then treated with 0 (0.01% DMSO), 1, 3, 6, 12 nM calyculin A for 6 h, followed by cell flow cytometry analysis. (H) Temporal apoptosis pattern induced by calyculin A. HLECs were grown to 100% confluence and then treated with 6 nM calyculin A for 0-24 h, followed by cell flow cytometry analysis. (I) DNA fragmentation assay. HLECs were grown to 100% confluence, then treated with either 0.01% DMSO (lane 2) 24 h, or with 6 nM calyculin A for 2 (lane 3), 6 (lane 4), 12 (lane 5) and 24 h (lane 6). Then, the cells were harvested for DNA fragmentation assays as described previously (Li et al., 1995) . The 123 bp marker from Gibco BRL was shown in lane 1. All the experiments have been repeated three times and shown here are typical results.
PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al different substrate proteins (Figure 5a and b): GST-p53 (containing wild-type p53), GST-p53-S37A (p53 with Ser-37 mutated into Ala), GST-p53-S15A (p53 with Ser-15 mutated into Ala) and GST-p53-S15A/S37A (p53 with both Ser-15 and Ser-37 mutated into Ala). These proteins were first phosphorylated by DNA-PK, a kinase phosphorylating p53 at both Ser-15 and Ser-37 (Lees-Miller et al., 1992) . Under these conditions, as shown in Figure 5c , GST-p53 were phosphorylated at both Ser-15 and Ser-37, GST-p53-S37A at Ser-15, GST-p53-S15A at Ser-37 and GST-p53-S15A/S37A none. These substrates were individually mixed with PP-1 and the dephosphorylation buffer, and then incubated for 10 min at 301C. The reaction was terminated Figure 2 Inhibition of PP-1 activity by okadaic acid or calyculin A dramatically enhances the phosphorylation of p53 at Ser-15 and Ser-37, which causes altered expression of its downstream genes, both bax and bcl-2 at the protein level (a and b) and mRNA levels (c and d). HLECs were treated with 0 (0.01% DMSO) 20, 100 and 200 nM okadaic acid (a and c), or with 0 (0.01% DMSO), 1, 5 and 10 nM calyculin A (b and d) for 3 h and then harvested for extraction of total proteins (a and b) and total RNA (c and d). In all, 100 mg of total proteins was used for Western blot analysis as described before (Li et al., 2001b (Li et al., , 2003 . Preparation of total RNA and oligo primers, and analysis of RT-PCR were conducted as described previously (Xiang et al., 2000) . The quantitative results of the protein levels for p53, Bax and Bcl-2 in relation to the level of b-actin induced by okadaic acid (e) and calyculin A (f) were determined as previously described (Li et al., 2003) . Note that when okadaic acid was increased to a concentration to block PP-1, p53 became hyperphosphorylated at Ser-15 and Ser-37, which causes upregulation of Bax and downregulation of Bcl-2 at the mRNA and protein levels.
with 20% TCA. After TCA precipitation, the released free 32 P was measured. As shown in Figure 5d , the amount of free 32 P released from phosphorylated GSTp53 was doubled than that from GST-p53-S37A or GST-p53-S15A, suggesting that PP-1 dephosphorylates both Ser-15 and Ser-37. However, the amount of free 32 P released from GST-p53-S15A/S37A was just background. The dephosphorylation reaction could be inhibited by the specific inhibitor for PP-1, PP1-I2 ( Figure 5d ). To demonstrate the specificity of the above dephosphorylation reaction, we have prepared the 48 kDa GST-aA-crystallin fusion protein and phosphorylated it by PKA kinase (Chiesa and Spector, 1989) . When this substrate was used for the same dephosphorylation assay, no significant amount of free 32 P release was observed ( Figure 5 ). Thus, PP-1 directly dephosphorylates p53 in the in vitro assay.
PP-1 dephosphorylates p53 in vivo As PP-1cas and p53 form complex in vivo and PP-1cas can directly dephosphorylate p53 in vitro, we next conducted an in vivo dephosphorylation assay, a procedure developed by Ayllon et al. (2000) . HLECs were labeled with [ 32 P]orthophosphate (200 mCi/ml) in phosphatase-free MEM and also subjected to UVA irradiation for 2 h. Under UVA irradiation, both Ser-15
and Ser-37 of p53 became phosphorylated (Bode and Dong, 2004) . Total proteins were then extracted for immunoprecipitation with two antibodies against phospho-p53 at Ser-15 and Ser-37. The immunoprecipitated protein complexes were first resolved in the SDSpolyacrylamide gel electrophoresis (SDS-PAGE) and the gel was dried and then exposed to X-ray film to show the presence of PP-1cas and p53 in the immunoprecipitated proteins by anti-p53 antibodies (see the Western blot images within Figure 6a and b). Then, the immunoprecipitated protein complexes were separately resuspended in phosphatase reaction buffer and incubated for 30 min at 301C. After TCA precipitation, the supernatant fraction from each reaction was counted to detect the release of free 32 P. As shown in Figure 6 , the amount of free 32 P released indicated the presence of PP-1 activity, which could be inhibited by okadaic acid and the specific inhibitor for PP-1, but hardly by inhibitors specific for PP-2A and PP-2B. As a negative control, the immunoprecipitated sample with anti-actin antibody was also used for the parallel dephosphorylation assay and the amount of free 32 P released was just background ( Figure 6 ). To further confirm that the free 32 P was released from labeled phospho-p53 after dephosphorylation assay, we conducted the same dephosphorylation reaction after the immunoprecipitated protein complex was further precipitated by anti-p53 PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al antibody or anti-PP-1cas antibody. In either case, the amount of free 32 P released was just background (data not shown). Thus, PP-1 dephosphorylates p53 at Ser-15 and Ser-37 in the intact HLECs.
Overexpression of PP-1cas in HLECs through the tet-on system induced dephosphorylation of p53 at Ser-15 and Ser-37 To further confirm that PP-1 is responsible for dephosphorylating p53 at Ser-15 and Ser-37 in HLECs, we have established a Tet-on overexpression system to overexpress PP-1cas. As shown in Figure 7a , HLECs with the Tet-on cassette of expressing PP-1cas could be induced to overexpress PP-1 activity more than 500-fold by doxycyclin from 0 to 5000 ng/ml. Under maximal induction of PP-1 activity, even in the presence of 100 nM okadaic acid, p53 was completely dephosphorylated at Ser-15 and Ser-37 (Figure 7b ). These results confirm that PP-1 dephosphorylates p53 at the above sites in the intact HLECs.
Silencing PP-1cas in HLECs through RNAi-induced phosphorylation of p53 at Ser-15 and Ser-37 To further confirm that PP-1 dephosphorylates p53 at Ser-15 and Ser-37, we next conducted RNAi to silence expression of the gene encoding PP-1cas. SiRNA oligo for silencing PP-1cas was obtained from Santa Cruz Biotechnology. When PP-1 activity was mostly inhibited due to loss of PP-1cas through RNAi, hyperphosphorylation of p53 at Ser-15 and Ser-37 was observed even without okadaic acid treatment (Figure 8 ). These results further confirm that PP-1 is responsible for p53 dephosphorylation at the above sites in the intact HLECs.
Dephosphorylation of p53 at Ser-15, Ser-37 or both sites by PP-1 decreases its transcriptional activity From the results described above, we concluded that PP-1 dephosphorylates p53 at Ser-15 and Ser-37 in HLECs. Next, we examined whether dephosphorylation of p53 at Ser-15, Ser-37 or both sites would affect its transcriptional activity. To do so, the reporter gene, pBax-chloramphenicol acetyltransferase (CAT), the transfection efficiency control plasmid, pRSV-b-Gal, and each of the constructs expressing either wild type (pCI-53) or mutant p53 imitating dephosphorylation (pCI-p53-S15A, pCI-p53-S37A, pCI-p53-S15A/S37A) or phosphorylation (pCI-p53-S15D, pCI-p53-S37D, pCI-p53-S15D/S37D) were co-transfected into p53À/À mouse lens epithelial cells (MLECs) or p53À/À PC-3 cells. A parallel control plasmid, pBax(m)-CAT, in which the p53-binding site was mutated, together with the control plasmid pRSV-b-Gal, and each of the wild-type or mutant p53 expression constructs were also co-transfected into these two types of cells. After 48 h, these transfected cells were harvested for detection of expression of either wild-type or mutant p53 proteins, or used for comparison of the reporter gene (CAT) activity driven by the bax promoter in which an authentic p53-binding site was conserved (Miyashita et al., 1994; Miyashita and Reed, 1995) . As shown in Figure 9a and b, in both MLECs and PC-3 cells, wildtype and mutant p53 expression constructs yielded comparable levels of proteins. Transient reporter gene assays revealed that the mutant p53 imitating dephosphorylation all displayed decreased transcriptional activity as compared with the wild-type p53 (Figure 9c and d). In contrast, mutant p53 imitating phosphorylation each showed an enhanced transcriptional activity than the wild-type p53 (Figure 9c and d) . In MLECs (Figure 9c ), the CAT activity was induced about 12-fold by wild-type p53. Under the same condition, 6.6-, 7.2-, 5.8-, 16.8-, 14.9-and 17.5-fold induction was observed by p53-S15A, p53-S37A, p53-S15A/S37A, p53-S15D, p53-S37D and p53-S15D/S37D, respectively. In PC-3 cells (Figure 9d ), the CAT activity was induced about 15-fold by wild-type p53. In contrast, 7.2-, 7.8-, 6.6-, 21.6-, 20.2-and 22.8-fold inductions were obtained by p53-S15A, p53-S37A, p53-S15A/S37A, p53-S15D, p53-S37D and p53-S15D/S37D, respectively. These results clearly showed that dephosphorylation of p53 at Ser-15 and Ser-37 displays strong effects on its transcriptional activity as phosphorylation does.
Dephosphorylation of p53 at Ser-15, Ser-37 or both sites by PP-1 attenuates apoptosis To further explore the function of p53 dephosphorylation at Ser-15 and Ser-37, we treated the MLECs and Figure 4 Reciprocal immunoprecipitation to demonstrate that PP-1cas and p53 form interacting complex. HLECs were treated with 0 (0.01% DMSO) or 100 nM okadaic acid for 3 h. After treatment, the treated cells were harvested for immunoprecipitation with anti-total p53 antibody (a), or anti-PP-1cas antibody (b), or normal serum (c). The immunoprecipitated samples were then subjected to Western blot analysis as described in Figure 2 , using antibodies as indicated. The supernatant represents the sample after immunoprecipitation. Shown here are typical results of three independent experiments. PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al PC-3 cells expressing p53, p53-S15A, p53-S37A or p53-S15A/S37A with 5 nM calyculin A or 75 nM okadaic acid. After treatment for 6 h, the apoptosis was analysed in different samples. As shown in Figure 10 , the MLECs ( Figure 10a ) and PC-3 cells (Figure 10b ) expressing wild-type 53 were more susceptible to induced apoptosis than the same cells expressing any of the three types of p53 mutants, p53-S15A, p53-S37A or p53-S15A/S37A. In comparison with the cells transfected with wild-type p53, the MLECs transfected with p53-S15A, p53-S37A or p53-S15A/S37A displayed corresponding 25, 21 and 32% less apoptosis after treatment by okadaic acid and similar decreases in apoptosis after calyculin A treatment (Figure 10a ). Similar patterns of attenuated apoptosis in mutant p53-transfected cells were observed in PC3 cells. In all, 27, 22 or 35% less apoptosis was observed in cells transfected with p53-S15A, p53-S37A or p53-S15A/S37A than those transfected with wild-type p53 after okadaic acid treatment (Figure 10b) . A similarly attenuated percentage of apoptosis was detected in PC-3 cells with calyculin A action ( Figure 10b) . As a comparison, the same two types of cells transfected with p53-S15D, p53-S37D and p53-S15D/S37D were also subjected to treatment by okadaic acid and calyculin A. As shown in Figure 10 , the MLECs transfected with p53-S15D, p53-S37D or p53-S15D/S37D showed corresponding 23, 18 and 30% more apoptosis than those transfected with wild-type p53 after treatment by okadaic acid and calyculin A (Figure 10a) . Also, 25, 20 and 32% more apoptosis was observed in the PC-3 cells transfected with p53-S15D, p53-S37D or p53-S15A/S37D, respectively, than those transfected The four different substrates labeled with DNA-PK were precipitated by TCA and then equal amount of each protein (determined by counts) was mixed with 1 Â PP-1 dephosphorylation buffer, 100 ng PP-1 (obtained from Cell Signaling, Inc.) in the absence or presence of specific PP-1 inhibitor, PP1-I2. The mixture was incubated for 10 min at 301C. After the reaction, the released free 32 P was counted. The final results were averaged from three independent experiments in which the free 32 P released from each dephosphorylation reaction was recorded.
PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al with wild-type p53 in response to okadaic acid and calyculin A (Figure 10b) . Thus, dephosphorylation of p53 by PP-1 at Ser-15 and Ser-37 attenuates p53-dependent apoptosis.
Discussion
In the present study, we have demonstrated the following: (1) inhibition of PP-1 by okadaic acid and calyculin A induces apoptosis of HLECs; (2) inhibition of PP-1 causes strong phosphorylation of p53 at Ser-15 and Ser-37 and altered expression of the downstream genes bcl-2 and bax; (3) in vitro dephosphorylation assay reveals that PP-1 dephosphorylates p53 at Ser-15 and Ser-37; (4) PP-1cas and p53 form in vivo interaction complex; (5) in vivo dephosphorylation assay shows that PP-1 dephosphorylates p53 at the two sites, which is further confirmed by PP-1cas overexpression through Tet-on system and PP-1cas silence via RNAi; (6) Mutations imitating dephosphorylation of p53 at Ser-15, Ser-37 or both sites by PP-1 attenuate the transcriptional activity of p53 and also p53-dependent apoptosis. Together, our results demonstrate that PP-1 can directly dephosphorylate p53 at Ser-15 and Ser-37, which substantially changes its transcriptional activity and proapoptotic ability. Through modulation of p53 function, PP-1 promotes survival (Figure 11 ). 32 P]orthophosphate (200 mCi/ml) in phosphatase-free DMEM for 2 h. Total proteins were extracted for immunoprecipitation with antibodies against phospho-p53 at Ser-15 (a) or Ser-37 (b). The immunoprecipitated protein complexes were mixed with phosphatase reaction buffer and incubated at 301C for 30 min. After TCA precipitation, the supernatant fraction was recovered for counting the release of free 32 P in a scintillation counter. Immunoprecipitated sample with anti-actin antibody was also used for the parallel dephosphorylation assay (mock). The dephosphorylation assays were conducted in the absence (Extract) or presence of PP-1 inhibitors, PP1-I2 (Extract þ PP1-I2) or 100 nM okadaic acid (Extract þ OA), PP-2A inhibitor, PP2A-I1 (Extract þ PP2A-I1) and PP-2B inhibitor, 250 nM cyclosporine A (Extract þ CSA). The results shown here are averaged from three independent experiments. Note that inhibitors blocking PP-1, but not PP-2A or PP-2B, were able to inhibit the dephosphorylation.
PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al
Dephosphorylation of p53 displays strong impact on its functions
Since its discovery, many laboratories have demonstrated that different signals can activate multiple pathways to phosphorylate p53 at one or more of the identified 17 serine/threonine residues and thus lead to profound changes in the functions of p53 (Giaccia and Kastan, 1998; Meek, 1998; Ashcroft et al., 2000; Bode and Dong, 2004) . At the p53 N-terminus, there are 10 serine/threonine residues (Ser-6, -9, -15, -20, -33, -37, -46, and , PP2A (Scheidtmann et al., 1991) , PP5 (Zuo et al., 1998) , Wip1 and Cdc14 (Fiscella et al., 1997; Li et al., 2000) , can dephosphorylate p53, there is no definitive assignment of the concrete phosphatase responsible for dephosphorylating the specific serine/threonine sites until recently. Long et al. The inducibility of the Tet-on system. The PP-1cas-inducible HLECs grown to 80% confluence were induced by doxycyclin from 0 to 5000 ng/ml for 1 h. At the end of induction, the cells were harvested for extraction of total proteins, which were used for detection of PP-1 activity using a kit from New England Biolab. The results shown here are averaged from three independent experiments. (b) Overexpression of PP-1cas induces hypophosphorylation of p53 at Ser-15 and Ser-37. The stable PP-1cas-inducible HLECs grown to 80% confluence were pre-induced by 1, 50, 500 and 5000 ng/ml doxycyclin for 1 h followed by induction, and also treatment of 100 nM okadaic acid for additional 3 h. At the end, cells were harvested for analysis of PP-1cas expression and phosphorylation status of p53 at Ser-15 and Ser-37 through Western blot analysis as described in Figure 2 . Shown here are typical results of three independent experiments. Figure 8 Silence of PP-1cas expression through RNAi induces hyperphosphorylation of p53 at Ser-15 and Ser-37. HLECs were transfected with PP-1cassiRNAs or control oligos, and the transfected cells were culture for additional 72 h. Thereafter, the cells were treated with 0.01% DMSO or 100 nM okadaic acid for 3 h, then harvested for extraction of total proteins for Western blot analysis with antibodies against PP-1cas, phospho-p53 at Ser-15 or Ser-37 and b-actin. Note that inhibition of PP-1 activity through RNAi lead to p53 hyperphosphorylation at Ser-15 and Ser-37 in HLECs. Shown here are typical results of three independent experiments.
PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al (2002) have reported that PP-1 may dephosphorylate p53 at Ser-392 in neonatal rat cardiomyocyte. Dohoney et al. (2004) have shown that, in response to DNA damage, protein phosphatase-2A is able to dephosphorylate p53 at Ser-37 in Molt-4 cells. We have briefly reported that PP-1 dephosphorylates p53 at Ser-15 to promote survival in HLECs (Li et al., 2004b) . A similar result was recently reported in human Wi38 and HEK393 cells by another group (Haneda et al., 2004) . In the present study, we provide strong evidence to show that PP-1 can directly dephosphorylate p53 at Ser-15 and Ser-37. First, PP-1cas and p53 can form a complex. Moreover, in vitro labeled p53 at Ser-15 and Ser-37 by DNA-dependent protein kinases in the presence of g-[ 32 P]ATP can be dephosphorylated by purified PP-1. Furthermore, under UVA irradiation, the pulse-chase labeled total proteins, when immunoprecipitated with antibodies against phosphorylated p53 at either Ser-15 or Ser-37, can be dephosphorylated with co-immunoprecipitated PP-1 catalytic subunit. These data indicate that PP-1 can directly dephosphorylate p53 at Ser-15 and Ser-37. This conclusion is further supported by overexpression of PP-1cas. Overexpression of PP-1cas through the Tet-on system causes dephosphorylation of p53 at both Ser-15 and Ser-37. Furthermore, silence of PP-1cas through RNAi leads to p53 hyperphosphorylation at these sites. As PP-1 directly dephosphorylates these sites, inhibition of PP-1 activity by okadaic acid or calyculin A can cause p53 hyperphosphorylation at Ser-15 and Ser-37, as observed in Figure 2a and b. Together, the results from our studies and others indicate that (1) both PP-1 and PP-2A can directly dephosphorylate p53; and (2) the two phosphatases may dephosphorylate p53 at the same residue in different tissues.
In the present studies, our results demonstrate that dephosphorylation at Ser-15 and Ser-37 has a strong Figure 9 Dephosphorylation of p53 at Ser-15 and Ser-37 by PP-1 negatively regulates its transcriptional activity, and phosphorylation of p53 at the same sites yields opposite effects on its transcriptional activity. Expression levels of p53, p53-S15A, p53-S37A, p53-S15A/ S37A, p53-S15D, p53-S37D, p53-S15D/S37D in MLECs (a) or PC-3 cells (b). The p53À/À MLECs derived from p53À/À mice (a) or p53À/À PC-3 cells (b) were transfected with wild-type p53 expression construct (pCI-p53) or each of the mutant p53 expression constructs (pCI-p53-S15A, pCI-p53-S37A, pCI-p53-S15A/S37A, pCI-p53-S15D, pCI-p53-S37D, pCI-p53-S15D/S37D), together with a reporter gene construct, pBax-CAT, and a transfection efficacy plasmid, pRSV-b-Gal. After 48 h, the transfected cells were harvested for extraction of total proteins, which were used for analysis of expression of wild type, and mutant p53 proteins as indicated. Shown here are typical results of three independent experiments. Note that the wild-type p53 level is similar to that of mutant p53 proteins in both types of cells. (c, d) Mutations imitating dephosphorylation or phosphorylation of p53 at Ser-15, Ser-37 attenuate or enhance its transactivity. Both p53À/À MLECs (c) and p53À/À PC-3 cells (d) were transfected and harvested as described in (a) and (b). The harvested cells were used for extraction of enzymes for the detection of the b-galactosidase and CAT activities as described previously (Xiang et al., 2002) . As control, the same reporter gene with the p53-binding site mutated, together with an efficacy plasmid, pRSVb-Gal, and the wild-type p53 expression construct (pCI-p53) or each of the mutant p53 expression constructs (pCI-p53-S15A, pCIp53-S37A, pCI-p53-S15A/S37A, pCI-p53-S15D, pCI-p53-S37D, pCI-p53-S15D/S37D) was also transfected into both p53À/À MLECs (c) and p53À/À PC-3 cells (d). At 48 h after transfection, these cells were also harvested for analysis of the b-galactosidase and CAT activities as described above. The data presented in (c) and (d) are averaged from three independent experiments. PP-1 dephosphorylates p53 at Ser-15 and Ser-37 DW-C Li et al impact on p53 function. First, dephosphorylation is as important as phosphorylation on the transcriptional activity of p53. Mutations imitating dephosphorylation (from serine to alanine) or phosphorylation (from serine to aspartic acid) at Ser-15, Ser-37 or both sites cause significant reduction or enhancement in their transcriptional activity, as tested in p53À/À MLECs and PC-3 cells. The three mutants imitating dephosphorylation (p53-S15A, p53-S37A and p53-S15A/S37A) attenuate the transactivity of wild-type p53 by about 40-52% in MLECs (Figure 9c ), and 48-56%, respectively, in PC-3 cells (Figure 9d ). Under similar test conditions, the three mutants imitating constitutive phosphorylation (p53-S15D, p53-S37D and p53-S15D/S37D) enhance the transcriptional activity of wild-type p53 by about 25-45% in MLECs (Figure 9c) , and 35-52% in PC-3 cells (Figure 9d ). Our results are consistent with a recent study by Dohoney et al. (2004) . These authors have shown that dephosphorylation at Ser-37 by PP-2A downregulates nearly half of the transactivity of the wild-type p53 when assayed with a luciferase reporter gene in p53À/À MEFs. In another study by Kaeser et al. (2004) , a reduced transactivity of p53-S15A was also observed when tested through induction of p21 and MDM2 proteins in p53À/À HCT116 cells. Together, these results indicate that dephosphorylation of p53 by PP-1 or PP-2A has a strong impact on the transcriptional activity of p53. Second, our results also demonstrate that dephosphorylation of p53 attenuates its apoptotic ability, and phosphorylation of p53 enhances its apoptotic ability (Figure 10a and b) . The mutant p53 imitating dephosphorylation at Ser-15, Ser-37 or both residues attenuates both okadaic acid-and calyculin A-induced apoptosis by about 21-32% in MLECs, and 22-35% Figure 10 Dephosphorylation of p53 at Ser-15 and Ser-37 by PP-1 attenuates its apoptotic ability. Both p53À/À MLECs (a) and PC-3 cells (b) were transfected with pCI-neo vector, wild-type p53 expression construct (pCI-p53), or each of the mutant p53 expression constructs (pCI-p53-S15A, pCI-p53-S37A, pCI-p53-S15A/S37A, pCI-p53-S15D, pCI-p53-S37D, pCI-p53-S15D/S37D), as described in Figure 9 . Ninety-six hours after transfection, these cells were treated with 75 nM OA or 6 nM calyculin A (CA) for 6 h. After treatment, the different cell samples were harvested for cell viability assays as described previously (Li et al., 1998) . The data presented in (c) and (d) are averaged from three independent experiments. Figure 11 Diagram to show the possible molecular mechanisms by which PP-1 promotes survival through dephosphorylation of p53. PP-1 may normally dephosphorylate p53, and thus negatively regulates the transcriptional and apoptotic abilities of p53. When PP-1 is inhibited by different inhibitors (okadaic acid and calyculin A), p53 in lens epithelial cells becomes hyperphosphorylated at several sites, as shown in circle. Increase in p53 phosphorylation at these sites is known to substantially enhance its transcriptional activity, leading to upregulation of the proapoptotic genes (encoding Bax, etc.) and downregulation of the antiapoptotic genes (encoding Bcl-2, etc.), and activation of the apoptotic program. PP-1 also normally dephosphorylates Rb, favoring the formation of Rb-E2F complex. Inhibition of PP-1 enhances phosphorylation of Rb, leading to release of members of the E2F family, which may activate expression of ARF. ARF then may negatively regulate MDM2 and thus attenuate the MDM2-p53 interaction, inducing p53 upregulation.
in PC-3 cells (Figure 10 ). This is not surprising considering that the mutant p53 imitating dephosphorylation at these sites substantially attenuates its transactivity. A decrease in the transactivity of p53 would downregulate expression of the proapoptotic genes and, thus, could attenuate p53-dependent apoptosis. On the other hand, mutant p53 imitating phosphorylation at the same sites enhances apoptosis by about 18-30% in MLECs, and 20-32% in PC-3 cells due to the increased transactivity of p53. Together, these results indicate that dephosphorylation of p53 has as important an impact on its function as its phosphorylation.
In our studies, we observed that the double mutant p53-S15A/S37A displays stronger effects on p53 functions than its corresponding single mutants (p15-S15A and p53-S37A) (Figures 9 and 10 ). This is also true about p53-S15D/S37D and its corresponding single mutants (p53-S15D and p53-37D) (Figures 9 and 10) . However, the effect of the double mutant on p53 function is not a simple addition of the effects from the two single mutants. Similar results have been observed by others (Dohoney et al., 2004; Kaeser et al., 2004) . This may be derived from the fact that phosphorylation or dephosphorylation of p53 at individual residue changes its configuration and thus affects its function. A double mutant could further enhance (in case of serine/threonine to aspartic acid) or attenuate (in case of serine/threonine to alanine) the optimal configuration of the functional p53, but not necessarily produce an effect of simple addition from two individual mutants.
It is well established that PP-1 acquires specificity of function by its association with targeting/regulatory proteins (DePaoli-Roach, 2003) . Our results reveal that although PP-1cas and p53 can be co-immunoprecipitated, they do not seem to bind to each other in the in vitro assay. Such results suggest that certain targeting/ regulatory subunits of PP-1 mediate the indirect interaction between PP-1case and p53 in vivo. One of such candidates is p53BP2, which binds both p53 and PP-1cas (DePaoli-Roach, 2003) .
PP-1 promotes survival through regulation of p53 and other targets It has been well documented that inhibition of PP-1 or/and PP-2A by the marine algae toxins, okadaic acid and calyculin A, induces apoptosis of various types of cells (Boe et al., 1991; Ishida et al., 1992; Mellgren et al., 1993; Kiguchi et al., 1994; Weller et al., 1995; Fernandez-Sanchez et al., 1996; Morana et al., 1996; Sheikh et al., 1996; Yan et al., 1997; Li et al., 1998 Li et al., , 2001a Garcia et al., 2003) . However, why inhibition of PP-1 or/and PP-2A leads to apoptosis remains largely unknown. As we discussed above, inhibition of PP-1 in lens epithelial cells, or inhibition of PP-1 or/and PP-2A in other types of cells, could impair their dephosphorylation of p53, leading to hyperphosphorylation of p53, which enhances the proapoptotic ability of p53. Besides the direct effect on p53 through dephosphorylation, inhibition of PP-1 by these inhibitors may also induce upregulation of p53 expression, as observed in rabbit and rat lens epithelial cells (Li et al., 1998 (Li et al., , 2001a . How could inhibition of PP-1 lead to p53 upregulation? It is known that PP-1 can directly dephosphorylate Rb (Ludlow et al., 1993) . Inhibition of PP-1 induces hyperphosphorylation of Rb ( Figure 1C ; Li et al., 1998) . It is generally accepted that hyperphosphorylation of Rb allows its release of the bound E2F factors (Nevins, 1992; Weinberg, 1995) , leading to activation of E2F-responsive genes (Trimarchi and Lees, 2002) . One of the targets is the gene encoding the p19ARF, which is a key component of the p19ARF-MDM2-p53 network (Zhang et al., 1998; Zhu et al., 1999; Trimarchi and Lees, 2002) . Activation of p19ARF inhibits MDM2, a p53 ubiquitin ligase, enhancing p53 stabilization (Momand et al., 1992; Kubbutat et al., 1997; Pomerantz et al., 1998; Stott et al., 1998; Zhang et al., 1998; Haupt et al., 1999; Honda and Yasuda, 1999; Weber et al., 1999; Llanos et al., 2001; Zindy et al., 2003) . This explains why inhibition of PP-1 activity could lead to observed p53 upregulation in rabbit and rat lens epithelial cells (Li et al., 1998 (Li et al., , 2001a . In the HLECs, however, the presence of the SV40 large-T antigen induces extremely high level of background p53 expression and the induction by okadaic acid and calyculin A treatment is almost masked (Figure 2) .
It is well known that the SV40 large-T antigen can inhibit the DNA-binding activity and transcriptional activity of the tumor suppressor p53 (Bargonetti et al., 1992; Mietz et al., 1992) . Our demonstration that inhibition of PP-1 activity by okadaic acid and calyculin A induces strong hyperphosphorylation of p53 and also activates its transcriptional activity in SV40 large-T transformed HLECs suggests that SV 40 large-T suppression of p53 may require dephosphorylation of p53 by . In this regard, it is interesting to note that transformation of human diploid fibroblasts and epithelial cells requires inhibition or alteration of PP-2A by SV 40 small T (Yu et al., 2001; Hahn et al., 2002) . In addition, transformation requires inactivation of p53 and Rb by complex formation with SV 40 large-T (Yu et al., 2001; Hahn et al., 2002; Walter, 2003) . Together, these results suggest that both PP-1 and PP-2A are involved in regulation of cell transformation and thus carcinogenesis. Among the various targets, modulation of p53 and Rb function by these phosphatases may be one of the critical steps.
In HLECs, we also observed that knockdown of p53 could not completely inhibit okadaic acid-and calyculin A-induced apoptosis (Figure 3) . Such results suggest two possibilities. First, the remaining p53 may function to mediate the residual apoptosis. Alternatively, the remaining apoptosis is derived from the changed phosphorylation status of other targets after inhibition of PP-1. The fact that okadaic acid and calyculin A not only induce apoptosis of the p53À/À MLECs and PC-3 cells transfected with various types of p53 but also induce a base level of apoptosis in these p53 minus cells transfected with an empty pCI vector (Figure 10 ) supports the later possibility. Currently, we are investigating the non-p53 and non-Rb targets in HLECs.
In summary, our results demonstrate that the protein phosphatase-1 can directly dephosphorylate multiple residues of p53, which attenuate the transactivity of p53. As a result, PP-1-mediated dephosphorylation of p53 attenuates p53-dependent apoptosis. Thus, part of the molecular mechanism by which PP-1 promotes survival is to negatively modulate the p53 function through dephosphorylation. Of course, PP-1 modulation of other phosphoproteins through dephosphorylation may also play an important role in promoting survival (Klumpp and Krieglstein, 2002) .
Materials and methods

Chemicals
Various molecular biology reagents were purchased from Invitrogen Life Science Laboratories, Gaithersburg, MD, USA, BD Biosciences Clontech, Palo Alto, CA, USA and Promega Biotech, Madison, WI, USA. Various antibodies were obtained from Cell Signaling Inc., Beverly, MA, USA, Santa Cruz Biotechnology, Santa Cruz, CA, USA and BD Biosciences, Palo Alto, CA, USA. The culture medium, and most other chemicals and antibiotics were purchased from Sigma, St Louis, MO, USA, and Invitrogen Life Science Laboratories, Gaithersburg, MD, USA.
Cell culture
The HLECs were grown in Dulbecco's modified Eagle's minimal essential medium (DMEM) (Invitrogen) containing 10% fetal bovine serum as described previously (Xiang et al., 2002) . The medium was prepared in ion-exchanged doubledistilled water to give an osmolarity of 30075 mosmol supplemented with 26 mM NaHCO 3 and 50 units/ml penicillin and streptomycin. Media and sera were sterilized by filtration through 0.22-mm filters, with pH adjusted to 7.2. All cells were kept at 371C and 5% CO 2 gas phase.
Preparation of expression constructs
The wild-type p53 expression construct pCMV-p53 was kindly provided by Dr John Reed (Miyashita et al., 1994; Miyashita and Reed, 1995) . The p53 coding sequence from pCMV-p53 was exercised and then inserted into pCI-neo to construct pCIp53. The mutant p53 expression constructs were created through a two-step PCR-linked in vitro mutagenesis as described previously . Four pairs of oligos used for generation of each mutant p53 expression construct are described below: for p53-S15A (pCI-p53-S15A and pGEX-4T-p53-S15A), 5 0 -ATCGAATTCATGGAGGAGCCGCAGT CA-3 0 and 5 0 -TGAAAATGTTTCCTGAGCC-AGAGGGGG CTCG-3 0 , and 5 0 -GAGCCCCCTCTGGCTCA-GGAAACAT TTTCA-3 0 and 5 0 -ACGCTCGAGTCAGTCTGAGTCAGG-3 0 ; for p53-S37A (pCI-p53-S37A and pGEX-4T-p53-S37A), 5 0 -AT CGAATTCATGGAGGAGCCGCAGTCA-3 0 and 5 0 -ATCC ATTGCTTGGGCCGGCAAGGGGGA-3 0 , and 5 0 -TCCCCC TTGCCGGCCC-AAGCAATGGAT-3 0 and 5 0 -ACGCTCGA GTCAGTCTGAGTCAGGCCC-3 0 . For p53-S15A/S37A double mutant (pCI-p53-S15A/S37A and pGEX-4T-p53-S15A/S37A), p53-S15A was used as the initial template, and the same oligo pairs used for creation of p53-S37A were utilized for creation of the p53-S15A/S37A. For p53-S15D (pCI-p53-S15D), 5 0 -ATCGAATTCATGGAGGAGCCGCA GTCA-3 0 and 5 0 -AATGTTTCCTGAT-CCAGAGGGGGC TC-3 0 , and 5 0 -GAGCCCCCTCTGGATCAGGAAACATT-3 0 and 5 0 -ACGCTCGAGTCAGTCTGAGTCAGG-3 0 ; for p53-S37D (pCI-p53-S37D), 5 0 -ATCGAATTCATGGAGGAGCC GCAGTCA-3 0 and 5 0 -ATCCATTGCTTGGTC-CGGCAAG GGGG-3 0 , and 5 0 -CCCCCTTGCCGGACCAAGCAATGGA T-3 0 and 5 0 -ACGCTCGAGTCAGTCTGAGTCAGGCCC-3 0 . For p53-S15D/S37D double mutant (pCI-p53-S15D/S37D), p53-S15D was used as the initial template, and the same oligo pairs used for creation of p53-S37D were utilized for creation of the p53-S15D/S37D.
Transfection of p53À/À MLECs and PC-3 cells
The p53À/À MLECs were derived from p53À/À mouse (Donehower et al., 1992; Taconic, Inc.) and p53À/À PC-3 cancer cells (Kaighn et al., 1979) were obtained from ATCC. Both types of cells were cultured in DMEM with 10% fetal bovine serum. The mammalian expression vector, pCI-neo, and the wild-type and mutant p53 expression constructs (pCIp53, pCI-p53-S15A, pCI-p53-S37A, pCI-p53-S15A/S37A, pCI-p53-S15D, pCI-p53-S37D and pCI-p53-S15D/S37D) were amplified in DH-5a and purified as described previously (Li et al., 1995) . Both wild-type and mutant p53 cDNAs were individually introduced into p53À/À MLECs or p53À/À PC-3 cells using lipofectomine 2000 agent as described before (Feng et al., 2004; Mao et al., 2004) .
Treatment by okadaic acid and calyculin A Parental or various transfected HLE cells were grown to 100% confluence. Then, 10 ml of DMEM medium containing 0.01% DMSO (control), 20-200 nM okadaic acid and 1-12 nM calyculin A dissolved in DMSO (the final concentration of DMSO was 0.01%) was used to replace the culture medium and the treatment was continued for various lengths of time as indicated in the figure legends.
RNA interference to silence expression of p53 and PP-1cas RNA interference (RNAi) was conducted as described previously (Lassus et al., 2002) . The siRNA oligos for 53 was synthesized by the Oligoengine, Inc. or purchased from Santa Cruz Biotechnology. The siRNA oligos for PP-1cas was purchased from Santa Cruz Biotechnology. Transfection was conducted according to the established protocol (Lassus et al., 2002) . Briefly, HLECs were seeded in six-well plates and grown to 50% confluence at the time of transfection. At 1 day before transfection, the cells in six-well plates are incubated overnight at 371C and 3% CO 2 . On the day of transfection, a set of siliconized microfuge tubes were set up for 20 mM siRNA and another set of tubes for lipofectomine 2000 (Invitrogen). For preparation of the transfection cocktail for each culture well, 10 ml of each 20-mM siRNA (either control or experimental siRNAs) was gently mixed with 200 ml of OptiMEM (Invitrogen) in one set of siliconized microfuge tubes. At the same time, 10 ml of lipofectomine 2000 is gently mixed with 50 ml of OptiMEM in another of tubes. After 5 min, the contents in both tubes were combined by gentle pipetting and the transfection mixtures are allowed to sit for 20 min at room temperature. Meanwhile, the cells were rinsed with PBS (Sigma) and 2 ml of growth medium (MEM with 10% fetal bovine serum) was added to each well. The transfection mixtures were then added to each well dropwise, while the plate is gently agitated. The cells were incubated at 371C and 3% CO 2 overnight. After 8 h, the cells in each well were replaced with 2 ml of fresh growth medium. At 72 h after transfection, the cells transfected with control and experimental siRNA were harvested separately for extraction of total protein and used for Western blot analysis using an anti-p53 or anti-PP-1cas monoclonal antibodies as described below.
For analysis of the response to okadaic acid and calyculin A, the HLE cells with or without p53 silenced were treated with 0.01% DMSO (control), 20-75 nM okadaic acid or 1-6 nM calyculin A for 12 h; the viability of these samples were analysed with cell flow cytometry, Hoechst staining and DNA fragmentation as described previously (Li and Spector, 1996; Li et al., 1998 Li et al., , 2001a Li et al., , 2005 .
Protein preparation and Western blot analysis
Western blot analysis of total proteins from HLECs, MLECs and PC-3 cells without or with transfection were conducted as described previously (Li et al., 2001b (Li et al., , 2003 (Li et al., , 2005 Mao et al., 2001) .
In vitro binding assay of PP-1cas and p53
In all, 10 ng of PP-1cas (Cell Signaling, Inc.) was immobilized into the nitrocellulose filter and then incubated at 371C with 20 ng of [ 32 P]GST-p53 in the absence or presence of 500 ng cold GST-p53. The filter was then exposed to X-ray film. An interaction assay for PP-1cas and [ 32 P]Bcl-2 was also conducted as a positive control.
In vitro phosphorylation of the p53 fusion proteins The fusion proteins of GST-p53, GST-p53-S15A, GST-p53-S37A and GST-p53-S15A/S37A were prepared as described previously and phosphorylated by DNAdependent protein kinase (DNA-PK). This kinase was purchased from Promega Inc. and specifically phosphorylates p53 (GST-p53) at Ser-15 and Ser-37 (Lees-Miller et al., 1992) . Equal amounts of GST-p53, GST-p53-S15A, GST-p53-S37A and GST-p53-S15A/S37A were each incubated with DNA-PK in the presence of g-[ 32 P]ATP for 30 min at 301C. The reaction was stopped by adding an equal amount of 2 Â SDS sample buffer if the reaction mixture was used for SDS-PAGE analysis, or by adding 1/5 volume of 100% trichloroacetic acid to precipitate the reaction mixture, which was then dissolved into 40 ml 1 Â protein phosphatase assay buffer for dephosphorylation assay (Li et al., 1998) . aA-crystallin was also labeled with PKA kinase in the presence of g-[ 32 P]ATP for 30 min at 301C and used for control.
In vitro dephosphorylation assays The in vitro dephosphorylation assays were conducted in the following manner. To each substrate tube containing GSTp53, GST-p53-S15A, GST-p53-S37A, GST-p53-S15A/S37A or aA-crystallin dissolved in 40 ml 1Â PP-1 assay buffer, 100 ng of PP-1 (from Cell Signaling, Inc.) with 5 ml (8 nM) of PP-1 inhibitor, PP1-I2 (specifically inhibiting protein phosphatase 1, IC 50 ¼ 2 nM, Park et al., 1994) or with 5 ml 1 Â PP-1 assay buffer were added. The mixture was incubated for 10 min at 301C and followed by addition of 140 ml 20% TCA and 10 min incubation on ice. The mixture was then centrifuged at 10 000 g at 41C for 15 min, and 150 ml of the supernatant was withdrawn for counting the released free 32 P.
In vivo dephosphorylation assays The in vivo dephosphorylation assays were conducted as described before (Ayllon et al., 2000) . Briefly, HLECs were labeled with [ 32 P]orthophosphate (200 mCi/ml) in phosphatasefree DMEM and subjected to UVA irradiation for 2 h (UVA irradiation induces p53 phosphorylation at both Ser-15 and Ser-37 residues). Then, total proteins were extracted for immunoprecipitation with antibodies against phospho-p53-Ser-15 and phospho-p53-Ser-37. The immunoprecipitated protein complex was mixed with phosphatase reaction buffer and incubated at 301C for 30 min. After TCA precipitation, the supernatant fraction was recovered for counting the release of free 32 P in a scintillation counter. The immunoprecipitated sample with anti-actin antibody was also used for the parallel dephosphorylation assay (mock). The dephosphorylation assay was conducted in the absence or presence of PP-1 inhibitors, PP1-I2 or 100 nM okadaic acid as described above.
Overexpression of PP-1cas through tet-on expression system The Tet-on expression system was established with a kit from BD Biosciences Clontech, Inc. as described previously (Gossen et al., 1995) . The pTet-on plasmid was introduced into HLE and stable clones were selected by G418 medium. The PP-1cas cDNA was inserted into the pTRE vector. This construct was verified by sequencing. The pTRE-PP-1cas plasmid and pTKHyg, the plasmid providing hygromycin resistance, were cotransfected into the stable clone of HLE containing the pTeton plasmid. Double selections were conducted with G418 and hygromycin to obtain the inducible clone. Induction of expression was performed using doxycyclin, which is 100 times more potent than tetracycline in the Tet-on induction system according to Gossen et al. (1995) .
Analysis of transient gene expression
For reporter gene activity, the construct of CAT reporter gene driven by the pBax promoter containing a wild-type or mutant p53-binding site (Miyashita et al., 1994; Miyashita and Reed, 1995) , together with the control construct expressing b-galactosidase, and wild-type p53 expression construct (pCI-p53) or each of the mutant p53 expression constructs (pCI-p53-S15A, pCI-p53-S37A, and pCI-p53-S15A/S37A, pCI-p53-S15D, pCI-p53-S37D and pCI-p53-S15D/S37D) was introduced into p53 À/À MLECs and p53À/À PC-3 cells. The transfected cells were plated in 100-mm culture dishes for growth and then harvested after 48 h for detection of expression of various forms of p53 and for assays of b-galactosidase and CAT activities as described previously (Xiang et al., 2002) .
Statistical analysis
In the present study, all the data presented are derived from at least three experiments. During data analysis, statistical analysis was conducted for all sets of data when necessary. Both average and standard deviation were calculated and included in the figures.
Abbreviations
CAT, chloramphenicol acetyltransferase; DMEM, Dulbecco's Eagle's modified minimal essential medium; PMSF, phenylmethylsulfonyl fluoride; HLECs, human lens epithelial cells; MLECs, mouse lens epithelial cells; PP-1, protein serine/ threonine phosphatase-1; PP-1cas, the catalytic subunit of PP-1; SDS-PAGE, SDS-polyacrylamide gel electrophoresis; TBS, tris-buffered saline; TBST, tris-buffered saline with tween-20.
